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Abstract 
 
Limitations in availability of methods to estimate recovery factor at the initial stage of petroleum exploration pushes for 
investigation new ways of analysing available datasets. There are three oil fields databases that have been used in this work: 
C&C Reservoirs, TORIS and Oil and Gas Journal. 
This work investigates established petroleum industry empirical methods and volumetric method to estimate secondary 
recovery factor in Ugandan oil fields in the Lake Albert Basin. It also investigates newly available statistical method to 
estimate primary, secondary and tertiary recovery factor in aforementioned oil fields. Primary recovery factor was estimated 
based on field analogous mainly using C&C Reservoir database. Secondary recovery factor was calculated using empirical 
equations assuming that the recovery mechanism is water injection. An alternative method, to empirical equations, to estimate 
secondary recovery factor in waterflooded reservoirs is by applying the volumetric method. 
Primary, secondary and tertiary recovery factors were approximated using a machine learning/data mining approach to 
reveal eventual trends in conventional/heavy oil analogue databases. Rules extracted from several databases worldwide for 
viscous oil reservoirs were then applied to oil fields in Uganda.  
Primary recovery factor obtained from field analogous varies between 5 and 15%. The quality of the results for 
secondary recovery calculations obtained from empirical equations depends on whether they were derived for conventional or 
heavy oil reservoirs. The studies show that data mining approach can be successfully applied to approximate primary, 
secondary and tertiary recovery factors. This work finishes with recommendation on how to approach the recovery factor 
approximation in viscous oil fields in Uganda. 
 
 
Introduction 
The recovery factor is amongst the most important parameters that characterises oil and gas reservoirs and it influences 
many decisions that lead to successful field development plan. It enables estimation of future revenue as well as future costs of 
field operations. Knowledge of recoverable reserves allows effective facilities planning well ahead of time. Not to mention that 
a correctly estimated recovery factor enables a good development strategy, therefore better environmental protection. There 
can be a significant difference between what is called stock tank oil initially in place (STOIIP) and its recoverable amount, 
which is determined by the recovery factor. Three types of recovery factor can be distinguished depending on processes used in 
oil recovery and the stage of development: primary, secondary and tertiary recovery factor. 
The complexity of a petroleum system (fault pattern, facies, and heterogeneity) brings a high range of uncertainty 
associated with recovery factor estimation. Recovery factor is not an exact number, especially at the initial stage of the project 
when it has a lot of uncertainty (Fig. 1). Its range narrows in time when more data is available. Recovery factor becomes even 
more complicated mater when heavy oil reservoirs are involved, because more parameters need to be taken in to consideration. 
Recovery factor evolves over the lifetime of a reservoir and many times needs to be revised along the project. 
Conventional to heavy oil reservoirs in Uganda have been deposited in fluvial, unconsolidated sands. These sands, aside 
other worldwide heavy oil reservoirs deposited in fluvial sands, are characterised by excellent reservoirs properties (Dusseault 
2001; Lu et al. 2010).They have high absolute permeability (0.5-10 darcies) and very high well test permeability (10-25 
darcies), in some examples even reaching 30 darcies. Porosity is in the range of 25-35%. Fluid parameters, represented by 
viscosity and API gravity, range between 3 and 250 centipoises and 18-32 °API, respectively, for Ugandan oil fields. This 
study considers the Ugandan oil fields located in the Lake Albert Basin. 
When the exploration is in the incipient stage and reservoirs are at virgin condition, the correct recovery factor 
estimation is of paramount importance to ensure correct development. The Ugandan oil fields have only been appraised. 
Therefore, there is no production data available to date. Considering this, the range of methods available to estimate recovery 
factor narrows. The methods that are suitable at this stage of exploration are mainly based on field analogous, empirical 
equations and numerical simulations.  
Imperial College 
London 
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The aim of this work is to investigate the different methodologies to approximate recovery factors in Ugandan viscous 
oil reservoirs at the appraisal stage. The firs objective is to estimate primary recovery factor in Ugandan oil fields based on 
field analogy. Subsequently to calculated secondary recovery factor for waterflooding in Ugandan viscous oil fields using 
empirical equations as well as volumetric method. One of the main objectives of this work is to investigate the potential of 
recovery factor approximations based on advanced screening methodology. The final stage of this work involves guidance on 
how to approach recovery factor estimation in viscous oil reservoirs at their initial stages of the project. 
To achieve specified objectives a number of various techniques were investigated: empirical correlations, volumetric 
calculations and a statistical approach. This work embraces primary recovery approximation mainly based on field analogues 
and partially on advanced screening methodology. Secondary recovery factor was estimated on the basis of empirical equations 
(Arps et al. 1967; Guthrie and Greenberger 1955) and compared with numerical simulations that have been performed by the 
Company. Advanced screening (expert maps) was used for screening of rock and fluid properties in conventional/heavy oil 
fields worldwide that most closely correspond to the oil fields in Uganda. Based on this (1) recovery factors were 
approximated by cluster analysis (CA) and (2) alternative method of classification tree analysis (CTA) was applied to extract 
rules from databases that were applied to approximate recovery factor in Ugandan viscous oil reservoirs. Advance screening: 
machine learning and data mining have broad applicability in the petroleum industry mainly for permeability determination 
and recovery mechanism identification (Nashavi and Malallah 2009; Alvarado and Manrique 2010). In this work 
aforementioned statistical methods were applied in an attempt to estimate recovery factors in the early stage of the project for 
viscous oil fields in Uganda. 
 
Recovery Factor 
The recovery factor is the recoverable part of the total amount of hydrocarbon initially in place. Recovery factor 
changes in time depending on the recovery mechanism applied and stage of production (Figs. 1&2). There are several recovery 
factors depending on the stage of production: primary, secondary and tertiary recovery factor. The figures below show ranges 
of recovery factor estimation depending on the stage of production and corresponding production profile. 
 
 
 
Fig. 1—Recovery factor estimation during reservoirs’ live 
cycles (left) 
 
Fig. 2—Production profile (right) 
Estimation of oil and gas reserves. Society of petroleum  
engineering. Petroleum engineering handbook (PEH Chapter 
40). Pages (40-1)-(40-38). Forrest, A.G. and Smith, G.L. 1987. 
 
Why the recovery factor is important to the oil industry 
The reason why the recovery factor is important to the oil and gas industry is that it enables future planning the costs 
and operations involved in a field development. Correctly estimated recovery factor allows subsurface and surface facility 
planning well before the first oil starts to flow. Field operations involved in petroleum extraction are very complex and 
expensive. They require the cooperation of many groups involved in a project. Another inherent aspect of producing crude oil 
and natural gas are the environmental consideration. All of these factors make oil exploration a very expensive process. Final 
success of the operation depends on obtaining as much accurate data as possible that are close to the actual petroleum system. 
A correctly approximated recovery factor in the early appraisal stage of the reservoir life cycle enables more suitable planning, 
which saves time, energy and restricts and mitigates environmental impact of production to a minimum. 
 
Reservoir parameters affecting recovery factor 
Parameters that affect recovery factors can be divided on three groups: reservoir rock properties, fluid properties and 
development methods. Some of the main ones representing the first group are: reservoir depth, reservoir net pay, porosity and 
permeability of the rock formation. Another is grain distribution and their shape. Two main parameters of the fluid properties 
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that influence recovery factor are API gravity and viscosity of the fluid. The last group mentioned represents well spacing and 
well pattern. 
 
Available methods to estimate recovery factor 
Several methods can be distinguished to estimate recovery factors depending on the available data, stage of the project 
and methodology used. In the initial/appraisal stage field analogous are commonly used. There are many statistical techniques 
available in this stage of development to estimate recovery factor. Preciseness of these methods increases with number of 
reservoirs taken under consideration. Empirical equations are the second group. When applied separately without any support 
from other methods, this does not always bring good results. However, the precision of recovery factor assessment narrows 
once production data is available and analytical methods (e.g. Material Balance) are incorporated. Further, in the subsequent 
stages of production, Decline Curve Analysis provides a powerful tool to narrow the recovery factor range (Figs. 1&2). At 
each step of field development, assuming that the energetic system of the reservoir has been recognized and broadly defined, 
numerical simulations are applied to estimate recovery factor. Most of the available methods to estimate recovery factors have 
been gathered in Table 1. 
 
Initial Stage (appraisal) Production stage Computational 
1. Field analogy 
2. Statistical methods 
   Empirical correlation (Arps at al. 1967) 
   Multiple correlations (Guthrie and 
   Greenberger 1955) 
   Advanced screening 
1. Decline curve analysis  
(Forest & Grab 1987) 
   Exponential decline 
   Hyperbolic decline 
   Harmonic decline 
1.Numerical simulations 
(applicable to appraisal and production 
stage) 
3.Volumetric calculations 
2.Material Balance 
(Forest & Grab 1987) 
   Muscat’s Method  
   Turner’s Method  
2.Other computational methods  
e.g. Sword (IRIS-software) 
Table 1—Available methods for recovery factor estimation depending on the exploration stage 
 
Specification of heavy oil and associated recovery mechanism  
Based on oil viscosity and API gravity, viscous oil can be divided into four groups: medium heavy oil, heavy oil, extra-
heavy oil and bitumen (Fig. 3). The recovery mechanisms applied for oil extraction mainly depends on oil viscosity. Usually, 
secondary oil recovery methods are associated with low oil viscosity (Fig. 4). When the oil viscosity increases, the recovery 
methods change form secondary recovery methods to mostly chemical methods. When extra- heavy oil is present, 
chemical/thermal methods are applied to reduce oil viscosity (Fig. 5). 
 
  
Fig. 3—Reservoir hydrocarbon specification according to Hart 
Energy 
Fig. 4—Applicability of EOR methods for different oil viscosity 
according to TOTAL 
 
Methods available for conventional/heavy oil recovery related to the stage of exploration 
 
Depending on the stage of production, different recovery methods are available for oil recovery. The main ones applied 
to oil recovery utilised in the oil industry are shown in Table 2. The unconventional oil reservoirs are more and more exploited 
nowadays. Therefore there is a higher demand for tertiary oil recovery methods in the industry. The oil fields in Ugandan are 
going to be produced primarily by primary recovery methods. After short time of production secondary recovery mechanism of 
water flooding is going to be applied. And again after short period of production polymer flooding is going to be applied to 
maximise viscous oil recovery.  
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Fig. 5—Recovery factor as a function of oil viscosity 
and recovery mechanisms applied according to 
TOTAL 
 
 
Primary recovery 
mechanism 
Secondary recovery 
mechanism  
Tertiary recovery mechanism  
Thermal Chemical Others  
Gravity drainage  Water injection 
Continuous steam 
injection 
Polymer flooding MEOR 
Solution gas drive Air injection Cyclic steam injection 
Alkaline-surfactant-polymer 
flooding  (ASP) 
Foamy 
Natural water influx/ 
aquifer drive 
Hydrocarbon injection-gas, liquid 
miscible/immiscible  
In-situ combustion  Alkaline-polymer (AP) 
Caustic 
flooding 
Compaction drive/ 
gas cap expansion  
Non hydrocarbon injection (CO2 
miscible/immiscible),  
(N2 miscible, immiscible) 
Hot water injection  Surfactant-polymer (SP) Mining 
Combination drive  
WAG (CO2 miscible immiscible, 
SWAG 
Steam assisted gravity 
drainage (SAGD) 
Micellar flooding  
Emulsion 
flooding 
Table 2—Main hydrocarbon recovery mechanisms available to Oil and Gas industry related to the stage of production 
 
Methodology and results 
Approximation of recovery factors in Ugandan oil fields 
Ugandan oil fields have only been appraised. There has been no production data available so far. Considering this, the 
range of methods available to estimate recovery factor for viscous oil reservoir in Uganda narrows to these available at early 
production stage (Table 1). The methods that are suitable in this case are based on field analogous or reservoirs simulations. 
The firs part of this chapter approximates primary recovery factor on the base of field analogous. Subsequently secondary 
recovery factor is calculated using empirical equations. Finally advanced screening and expert maps are used to approximate 
tertiary recovery factor. 
 
Primary recovery factor estimation based on field analogous 
Primary recovery factor has been estimated using C&C Reservoirs database. Oil fields have been filtered to show 
similar rock and fluid properties to these in Uganda. 
1. Pressure, 0 – 3000 psi 
2. Permeability, 1000 – 7000 mD   
3. Viscosity, 3 – 6000 cp 
Recovery factor was subsequently plotted against frequency (Fig. 6). The majority of reservoirs report primary recovery factor 
from 5 to 15%. This was the base to estimate primary recovery factor which, assuming primary recovery mechanisms, can be 
approximated between 5 and 15%. 
 
Estimation of secondary recovery factor  
The secondary recovery factor has mainly been estimated by using empirical equations as well as volumetric 
calculations. Water injection was assumed to be the drive mechanism in all cases. The recovery factor was calculated on the 
basis of empirical equations (Eq. 1, 2 & 3). 
 
Empirical Correlation of recovery factor by Arps 
Rock and fluid properties have been acquired during the exploration stage of oil fields in Uganda. The initial input 
parameters of pressures, porosity, permeability, viscosity, and abandonment pressure have been used for recovery factor 
calculations based on empirical equation (Arps et al. 1967). Recovery factor was calculated (Eq. 1) for water driven reservoirs. 
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Fig. 6—Primary recovery factor estimation 
based on field analogous. C&C  Reservoirs 
database. 
 
Abandonment pressure is equal to initial reservoir pressure because reservoirs in Uganda are going to be waterflooded from the 
firs day of exploration; hence reservoir pressure is going to be maintained. Recovery factor based on empirical equation (1) for 
oil fields in Uganda varies between 41 and 71% (Table 3). 
 
           
        
   
 
      
 
   
   
 
      
   
        
  
  
 
       
       ........... (1) 
 
Empirical Correlation of recovery factor by Guthrie and Greenberger 
Another attempt to estimate recovery factor in Ugandan oil fields has been made using empirical equations derived for 
viscous oil reservoirs (Guthrie and Greenberger 1955). Recovery factor is given by the equation: 
 
                                                               ……... (2) 
 
Entry parameters of porosity, permeability, viscosity, initial water saturation and formation thickness were used to calculate 
(Eq. 2) secondary recovery factor for water-driven reservoirs. Recovery factor, in Ugandan oil fields, obtained by this method 
ranges between 18 and 62% for different oil fields. (Fig. 7). 
 
Volumetric Method 
Volumetric method, an alternative to empirical equations, was used in this chapter to calculate secondary recovery 
factor in Ugandan oil fields. Rock and fluid properties were obtained from seismic measurements, PVT analysis and  
routine/special core analysis. Recovery factor by volumetric method is given by the equation: 
 
   
      
  
                      ……… (3) 
 
Initial oil in place (Ni) was calculated using equation (4), while oil in place after water invasion (Nwf) shown equation (5). 
 
                
 
 
           
 
   
                    ……… (4) 
 
GRV was calculated using Schlumberger’s Petrel software and residual oil saturation (Sor) in special core analysis (SCAL) 
measurements. Core samples that were obtained from wells drilled in A and F oil fields. Water flooding and polymer flooding 
were conducted in a laboratory conditions and residual oil saturation was measured. 
 
    
           
   
                    ………. (5) 
 
Porosity and initial water saturation were measured for the majority of the oil fields in Uganda using routine core analysis 
(RCAL). Value of net to gross was obtained from wireline log measurements. Initial formation volume factor was taken from 
company’s PVT reports. Secondary recovery factor was subsequently calculated assuming water injection (Fig. 7). 
Figure 7 shows sixteen oil fields plotted versus recovery factor calculated by empirical equations, volumetric method 
and numerical simulations. Analysing this figure can be observed that secondary recovery factor calculated by Arps shows 
high values assuming that oil fields in Uganda are going to be produced by waterflooding. Recovery factor given by Guthrie 
and Greenberger empirical equation as well as volumetric method show good results. The reason for high recovery factor 
calculations using Arps empirical equations is because equation was derived for conventional oil fields worldwide rather than 
viscous oil reservoirs. 
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Fig. 7— Recovery factor approximation using: Numerical simulations, Arps empirical equations, Guthrie and Greenberger 
empirical equation and volumetric method.  
 
Ultimate Recovery Factor 
The ultimate recovery factor is amongst many reservoirs parameters that has a great range of uncertainty. It can be 
calculated only with greater confidence after reservoirs have been fully depleted with presently available technology. It is often 
the case that available resources, and thus the recovery factor have to be corrected in time as new methods and technology 
enable increased hydrocarbon recovery from previously exploited reservoirs that had become uneconomical for further 
exploitation. Advanced screening is used to estimate ultimate recovery factor at its appraisal stage. In this work ultimate 
recovery factor represents ultimate recovery after applying primary, secondary and tertiary recovery mechanisms. 
 
Advanced Screening (Expert Maps) 
Advanced screening methodology uses data mining, statistical methods, which can be successfully applied to reveal 
trends and patterns when analysing large databases (Sharma et al. 2010). Advanced screening and expert system approach were 
successfully applied to calculate permeability within different sandstone reservoirs characterised by electrofacies based on well 
log responses (Nashavi and Malallah 2009). Also, Lee and Datta-Gupta (1999) showed that multivariate analysis is suitable for 
permeability predictions and electrofacies characterisation. Finally, machine learning was used by Alvarado and Manrique 
(2010) for EOR/IOR screening and recovery mechanism identification. 
Advance screening, machine learning and data mining have broad applicability in the petroleum industry. In this work 
the aforementioned statistical methods are going to be tried in an attempt to estimate ultimate recovery factor in the early stage 
of the appraisal process in conventional to  medium-heavy oil fields in Uganda. 
 
Advance screening involves several steps to extract the rules on which recovery factor for heavy oil reservoirs in Uganda can 
be estimated. The most important are: 
1. Database processing  
2. Principal component analysis (PCA) 
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3. Cluster analysis (CA) 
4. Classification tree analysis (CTA) 
Database 
Several databases have been used in order to estimate recovery factor for oil reservoirs in Uganda: 
 
1. C&C Reservoirs, online Digital Knowledge System (DAKS) that comprises information learned from more than 1000 
oil and gas reservoirs around the world. It contains 250 variables. 
2. Tertiary Oil Recovery Information System (TORIS) Database that comprises information about more than 500 heavy 
oil reservoirs mainly from Canada, Venezuela and the US. The Database is available on the US Department of Energy 
website. It contains 29 variables. It does not contain information about drive mechanisms. 
3. The oil and Gas Journal database that contains information about conventional/unconventional reservoirs from around 
the world. In comparison to the TORIS database, it contains information about EOR processes. 
The reason that several data bases have been chosen is that none of them contain complete sets of information about oil 
and gas reservoirs. In many cases, in considering, each database separately, critical parameters such as pressure and 
permeability are missing while others (TORIS) do not contain information about recovery mechanisms. The information from 
all of the three databases has been gathered and the new database has been combined (Table 3). After filtering and removing 
double values, the new database has 260 records suitable for further analysis. 
 
Oil 
Field 
Reservoir Country 
Pi 
psi 
k 
mD 
µo  
cp  
T 
°F 
Ф 
% 
API 
Gra-
vity 
RF 
% 
Drive 
Mechanism 
EOR 
Suffield Mannville Canada 1424 1000 97 82 26.5 14 22 
Strong bottom 
aquifer 
Hot water 
injection 
Suizhon Dongying China 2074 2600 70 145 32 16 22 
Weak aquifer/ 
Solution gas drive 
Cyclic steam 
injection 
Huntingto
n Beach 
Main USA 2150 1000 13 170 30 19 21 N/A N/A 
Lagunillas Lagunillas Venezuela 1785 3000 21 152 33.5 15 27 Compaction drive 
Cyclic steam 
injection 
Lanwa Kalol India 1610 5000 550 149 29 13 11.5 
Strong aquifer/ 
Edge aquifer 
In-situ 
combustion 
McCrary Clarksville USA N/A 1400 14 157 26 20 19 N/A N/A 
Emlichheim Valenginian Germany 1200 6000 175 95 30.0 24.5 20 N/A Hot water 
Nasser Zelten Libya 2457 1500 4 170 22 39 38.6 
Strong aquifer/ 
Edge aquifer 
N/A 
Pewitt 
Ranch 
Eagle Ford USA N/A N/A 16 120 24 19 36 N/A N/A 
Table 3—An example of a new database used for RF estimation in Ugandan oil fields 
Orange depicts Oil and Gas Journal database. Violet depicts TORIS database. Black depicts C&C reservoir database. Red depicts data 
availability 
Additionally, variables in each database have been filtered to roughly correspond to those measured in the oil fields in Uganda. 
Based on Principal Component Analysis (PCA), which is described in the next paragraph, three main parameters (pressure, 
permeability and viscosity) have been selected and analyzed within following ranges: 
pressure 0 – 3000 psi, permeability 1000 – 7000 mD and  viscosity, 3 – 6000 cp. 
Variable Observations Missing data Minimum Maximum Mean 
Standard 
deviation 
Pressure (psi) 256 0 80 2907 1288 633 
Permeability (mD) 256 0 1000 7000 2025 1254 
Viscosity (cp) 256 0 3 600 184 174 
Temperature (°F)  256 0 62 250 120 28 
Porosity (%) 256 0 20 42 30 4 
API Gravity 256 0 9 47 18 5 
Table 4—Statistics on selected rock and fluid properties – new database. 
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Principal component analysis (PCA) 
The main reason that principal component analyses has been applied to a dataset is to reduce dimensionality of the 
entire data set to a lower a number of orthogonal factors (Eigenvalues) without the unnecessary loss of embedded information. 
Simply speaking PCA reduces number of entry parameters to these having larger influence on recovery factor calculation. It 
also minimizes the effect of scales of the records by subtracting the mean from each variable and dividing it by standard 
deviation (Davis 2002; Lee et al. 2002; Nashawi and Malallah 2009). 
PCA was performed using the XLSTAT the Excel software and STATISTICA, StatSoft Ltd. Several reservoir 
parameters have been analysed to select the ones that mostly contribute to the further process of cluster analysis. Subsequent 
investigations were only conducted using parameters that bring the biggest range of variability within each group. Selected 
parameters are: pressure, permeability, viscosity, temperature, porosity, and API gravity. Table 5 presents results from 
principal component analysis calculated by XLSTAT.  
 
 
PC1 PC2 PC3 PC4 PC5 PC6 
Pressure (psi) -0.499 0.107 0.179 -0.420 0.117 0.719 
Permeability (mD) 0.072 0.912 -0.373 -0.062 -0.139 -0.007 
Viscosity (cp) 0.507 0.006 -0.116 -0.360 0.773 0.044 
Temperature (°F) -0.450 0.279 0.490 -0.092 0.357 -0.587 
Porosity (%) 0.344 0.277 0.609 0.549 0.099 0.350 
API Gravity -0.410 -0.036 -0.453 0.617 0.482 0.116 
Eigenvalue 2.455 1.14 1.04 0.66 0.425 0.28 
Variability (%) 40.911 16.923 15.666 12.675 7.138 6.687 
Cumulative contribution (%) 40.91 57.83 73.5 86.17 93.31 100 
Table 5—Information obtained from principal component analysis 
 
Plot depicted in Figure 8 is a graphical representation of PCA and cumulative contribution of variables. The sum of 
Eigenvalues should be equal to number of variables. It shows that first three principal components, pressure, permeability and 
viscosity contribute more than 73 % into the all components selected; therefore, they were considered in the following step of 
cluster analysis.  
 
 
 
Fig. 8—Scree plot of principal components versus Eigenvalue. 
This plot shows contribution of each principal component. Total 
contribution of firs three components is more than 73%. 
 
Based on principal component analysis (Table 5), contributing weight of each variable can be calculated. Principal 
components as a function of reservoirs property are given by the equations 6, 7, 8, 9, 10 and 11. 
 
PC1 = 0.344 * Ф - 0.450 * T + 0.507 * µo + 0.072 *k - 0.499 * Pi – 0.410 API     …...… (6) 
PC2 = 0.277 * Ф + 0.279 * T + 0.006 * µo + 0.912 * k + 0.107 * Pi – 0.036 API    …...… (7) 
PC3 = 0.609 * Ф + 0.49 * T - 0.116 *µo - 0.373 * k + 0.179 * Pi – 0.453 API     …...… (8) 
PC4 = 0.549 * Ф - 0.092 * T - 0.360 * µo - 0.062 * k - 0.420 * Pi + 0.617 API     …...… (9) 
PC5 = 0.099 * Ф + 0.357 * T + 0.773 * µo - 0.139 * k + 0.117 * Pi + 0.482 API    ……. (10) 
PC6 = 0.365 * Ф - 587 * T - 0.044 * µo - 0.007* k + 0.719* Pi + 0.116 API     ….… (11) 
 
Percentage contribution (Table 6) of each variable has been calculated using XLSTAT. This shows that pressure contributes 
more than 51 % in to first principal component. The biggest contribution in to second principal component is undoubtedly 
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permeability, 83 %. Viscosity contributes almost 60% in the third principal component  
 
 
PC1 PC2 PC3 PC4 PC5 PC6 
Pressure (psi) 51.760 1.148 1.367 17.659 3.194 24.871 
Permeability (mD) 0.005 83.236 1.934 0.387 13.920 0.519 
Viscosity (cp) 0.191 0.004 59.736 12.972 1.348 25.749 
Temperature (°F) 34.429 7.801 12.733 0.849 23.965 20.223 
Porosity (%) 12.279 7.680 0.985 30.111 37.096 11.849 
API Gravity 1.336 0.132 23.244 38.021 20.477 16.790 
Table 6—Contribution of the variables (%) 
 
Contribution of the variables as well as their correlation between each other is a first step for dataset variability reduction. 
Matrix plot (Fig. 9) shows principal components and rock and fluid properties that highly correlate between each other and 
those showing poor correlation. It is a plot of selected rock and fluid parameters and first three principal components 
calculations (Eqs. 6, 7 & 8). It can be observed that first principal component highly correlates with pressure. It also shows 
some correlation with temperature (green frame). It means that either first variable or the latter is suitable for further purposes 
of cluster analysis. The reason that pressure was chosen is that it contributes more to first principal component (Table 6). 
Second principal component highly correlates with permeability while the third one with viscosity. Can be observed that 
matrix plot can be used to detect rock and fluid properties (pressure, permeability, viscosity) that are suitable for further 
analysis of clustering. 
 
Fig. 9—Matrix Plot of the first 
three principal components 
and rock and fluid properties. 
Pressure 80-2907 psi, 
Permeability 1000-7000 mD, 
Viscosity 3-600 cp, 
Temperature 62-250 °F, 
Porosity 20-42.6%, API Gravity 
9-37. Plots marked red 
(pressure, permeability and 
viscosity) highly correlate 
with first three principal 
components. Plot marked 
green shows some correlation 
between temperature and 
pressure. 
 
Cluster analysis (CA) 
Cluster analysis, one of the main components of data mining, is a technique that groups input parameters sharing the 
same or similar features. Cluster analyses were applied in this work in order to gather reservoirs that share similar properties 
and see how recovery factor and recovery mechanism corresponds to it within each cluster. Analyses were performed using 
XLSTAT, where the k-mean clustering module was applied into the dataset obtained from principal component analysis. Two 
data sets were used: the first one containing principal components PC1 PC2 PC3 and corresponding recovery factor and 
recovery mechanism. The second group includes pressure, permeability, viscosity, recovery factor and the corresponding 
recovery mechanism. There is a wide range of how PC’s are spread within each cluster (Fig. 10). PC2 and PC3are grouped in 
similar regions and variability indicates that set of data is rather homogeneous within each cluster. Table 8 and Fig. 11 show 
how reservoir and fluid properties distribute within each cluster. Cluster 5 and 7 characterise high permeability while within 
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cluster 3 and 12 high pressure reservoirs can be found.  
 
  
Fig. 10—Variation of principal components within clusters. Fig. 11—Variation of rock and fluid properties within clusters. 
 
Subsequently data set has been plotted using the Cartesian coordinate system in which main rock and fluid properties 
obtained form PCA have been used: pressure, permeability and viscosity. Along with plotting database, Ugandan oil fields 
have been added (Fig. 12). As a result of k-means clustering, data gather in 12 different groups. Clusters have been marked 
with different numbers from 1 to 12 while the Ugandan oil fields are represented by letters from A to O (Fig, 12&13). The 
Majority of the Ugandan oil fields group in clusters 1, 8, 9 and 12. Cluster 9 contains four Ugandan oil fields: A, H. I, J. 
Cluster 8 contains the most of Ugandan oil fields: G, F, E, B, L, M. Cluster 1 embraces two oil fields: C and D. Cluster 12 has 
only N and O is placed nearby. Specifications of the clusters that contain Ugandan oil fields are shown in Table 8. 
 
Oil Field A B C D E F G H 
Depth (ftTVDLL) 1444 2152 1312 1312 1640 2460 2789 1700 
Oil field I J K L M N O  
Depth (ftTVDLL) 1752 1900 1936 2625 2953 5250 7776  
Table 7— Depth of Ugandan oil fields. 
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Fig. 12—Results of cluster 
analysis. Recovery factor 
distribution as function of 
reservoirs properties. 
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Although input cluster parameters have been filtered and selected within ranges that are similar to oil fields in Uganda, the oil 
fields in Uganda are mainly focused within cluster 1, 8, 9 and 12. Hence, this work only focuses on these from afore mentioned 
clusters. These four groups of clusters and 15 conventional/heavy oil fields from Uganda that were placed within them as a 
result of them share similar properties. Additionally cluster analysis (Fig. 12&13) screens for recovery factor as a function of 
recovery mechanism. Because of the incompletes nature of the information within all three databases used in this work some of 
the clusters have only a few examples per cluster. That is why interpretation of recovery factor in Ugandan oil reservoirs is 
limited. Restrictions mainly concerns defining of initial parameters specified for PCA.  
Cluster 1 reports primary recovery of 10% obtained as a result of weak bottom aquifer drive. Once recovery mechanism 
has been switched to continuous steam injection, recovery factor has increased up to 50%. This is an optimistic value and 
should be carefully viewed, taking into consideration that cluster 1 is characterises by low pressure value. Additionally, 
reservoirs within cluster 1, including C and D, have the highest viscosity amongst all of the oil reservoirs in Uganda, which is 
another argument against achieving such a large recovery. However, primary recovery factor reported can be taken as a rough 
example of recovery factor estimation for C and D. Cluster number 8 embraces the most numbers of reservoirs for recovery 
factor estimation in Uganda. It has been distinguished on the basis of the biggest set of data. 
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Cluster 1 
Field name Recovery method RF 
Bekasap 
(Indonesia) 
Primary drive 
mechanism: weak 
bottom aquifer, 
solution gas 
EOR: continuous 
steam injection 
10 
 
 
 
50 
 
 
 
                     Cluster 9 
Field Name Recovery Method RF 
Vlieland 
(Netherlands) 
Primary: weak aquifer/ 
solution gas 
Secondary: water injection 
EOR: continuous seam 
injection/ in-situ combustion 
/hot water injection  
10 
 
20 
 
 
36 
Vlieland 
(Germany) 
Primary: weak aquifer/ 
solution gas 
Secondary: water injection 
EOR: CSI/continuous steam 
injection/ hot water injection 
12 
 
 
 
38 
 
 
Fig. 13—Selected 
clusters and associated 
EOR mechanisms 
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Cluster 8 
Field name Recovery method RF 
Chateaurenard 
sand (France) 
Primary: weak aquifer 
Secondary: water injection 
EOR: polymer flooding 
22 
43 
Griselles sands 
(France) 
Primary: weak aquifer 
Secondary: water injection 
EOR: polymer/ micellar 
flooding 43 
Kalol 
(India) 
Primary: strong edge 
aquifer 
28 
Tarakan 
(Indonesia) 
Primary: aquifer-
unspecified strength 
Secondary: continuous 
water injection 29 
Upper 
Mannville 
(Canada) 
Primary: strong aquifer 
Secondary: water/gas inj. 
EOR: in-situ combustion/ 
hot water injection  
2 
 
22 
 
 
  Cluster 12 
 
Field Name Recovery Method RF 
Dentale 
(Gabon) 
Primary: moderate strength aquifer 
Secondary: water injection 37 
Guantao-
Minghuazhen 
(China) 
Primary: weak aquifer/ solution gas 
Secondary: continuous/ cyclic water inj. 
EOR: polymer/ microbial flooding 37 
Kalol (K-III) 
(India) 
Primary: weak aquifer/ gas cup 
Secondary: water flooding  
EOR: polymer flooding 
15 
 
36 
Matzen sand 
(Austria) 
Primary: strong bottom aquifer/ gravity 
drainage/ solution gas/ gas cup 
Secondary: continuous water injection/ 
gas recycling 
44 
 
53 
Papagayos 
(Argentina) 
Primary: Strong aquifer/ Solution Gas 
EOR: Microbial flood 
64 
Vaila 
 (UK) 
Primary: aquifer -unspecified strength 
Secondary: water injection / gas 
recycling 35 
Wara-Burgan 
(Kuwait) 
Primary: Strong aquifer / solution gas 
Secondary: Gas injection 36 
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Although reservoir pressure is higher and oil viscosity is slightly lower, this clusters reports lower recovery factors than cluster 
1. The reason for that can be higher average permeability value in cluster 1 (Table 8). High recovery factors were obtained for 
the fields to which polymer flooding was applied after water injection. Cluster 9 represents highly permeable reservoirs (Table 
8). On average it has a higher value of average permeability. Also viscosity is lower (Table 8). Available data for reservoirs in 
cluster 9 report primary recovery factor between 10 and 12 % which was achieved by applying weak aquifer and solution gas 
drive in the first stage of exploitation followed by water injection in the second stage achieving recovery factor of 20%. In the 
third and final stage of exploitation, reported recovery factors for the fields varied from 36 to 38%. Combinations of many 
enhanced oil recovery methods were applied: continuous steam injection, cyclic water injection, hot water injection and finally 
in-situ combustion. The last one, cluster 12, presented in this work characterises with high pressure and low viscosity. 
Reservoirs within this cluster (N, O) are located deeper than the others. (Table 9) Reservoirs in this group achieve primary 
recovery factor around 15% (Kalol). They are also characterised by high secondary recovery factor in most cases achieved by 
chemical polymer flooding. The highest recovery factor reported (64%) for the Papagayos oil field in Argentina was obtained 
by microbial flooding, which was applied directly after primary recovery. 
 
Rock & fluid 
properties 
Cluster1 
Properties 
Cluster 8 
Properties 
Cluster 9 
Properties 
Cluster 12 
Properties 
Pressure (psi) 245-852 798-1600 911-1400 1753-2900 
Permeability (mD) 1000-1500 1000-1275 1919-2505 1100-1210 
Viscosity (cp) 8-600 9-520 46-339 19-150 
Specification  Low pressure High viscosity 
High 
permeability 
High pressure/ 
Low viscosity 
 
 Table 8—Summary 
specification of selected 
clusters. 
 
 
Classification tree analysis (CTA) 
Classification tree analysis was used to extract the rules from oil fields world wide and then to apply those to 
approximate recovery factor in Ugandan oil fields. This method is none of the main part of the data mining process and it is 
useful to predict model to forecast group membership of the input parameters (Fig. 14). This method shows that recovery factor 
is from 15 to 40% depending on oil field. Six parameters, the same that in the case of cluster analysis were used: viscosity, 
porosity, permeability, pressure, depth and API Gravity. Figure 14 shows that the most important parameter the firs decision is 
made on is viscosity. The next split is done on the base of pressure. Parameters that are at the end of the decision tree are less 
important in classification tree processes. Analysing oil field A can be observed that it reports recovery factor from 25 to 30%. 
Oil viscosity of the field is 54 cp. Reservoir pressure 665 psi and permeability 2.2 Darcys. It can be inferred that moderate 
recovery factor that is predicted for the field is probably because of the low reservoir pressure and moderately high viscosity.  
 
 
Fig. 14—Result of classification tree analysis (CTA) 
 
 
Oil fields: 
A, C, D, I, J, L, M, O, L, N0. 
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Discussion 
This study focuses on approximation of primary, secondary and tertiary recovery factors in conventional to medium-
heavy oil fields in Uganda at their initial stage of exploration. The variety of methods used in this work shows a wide spread of 
obtained results (Fig. 7&13). This demonstrates that estimation of recovery factor is a complex matter. It involves a large 
number of factors that need to be considered. However, the methods investigated in this work take incomparably less time to 
apply compared to numerical simulations. This makes them worth continuing to investigate as a fast recovery factor screening 
method. In many cases, they show good results that make them worth applying especially at the appraisal stage of exploration 
when little data is available. 
Primary recovery factor (Fig. 6), based on worldwide field analogous, was evaluated at the early stage of this work. The 
vast majority of the conventional to medium-heavy oil fields world wide that were produced by primary recovery methods 
(Fig. 7) achieved primary recovery factor between 5 and 15%. It is hard to say how much these numbers are representative, as 
primary recovery factor is not always reported in many databases. 
Secondary recovery factor calculated mainly by empirical equations and volumetric method (Fig. 7) provides good 
results only in some cases. All calculations were performed assuming that the reservoirs were going to be developed by 
waterflooding, at least at the beginning of exploitation. Results obtained by Arps et al. (1967) empirical equation show rather 
optimistic values of secondary recovery factor (Fig 7). The second empirical method (Guthrie and Greenberger 1955) shows 
results that closely correspond to the company’s recovery factor obtained from reservoir simulation (Fig.7). Recovery factor 
varies between 18 and 44% with an average of 33%. This time recovery factor was calculated on the basis of an equation (Eq. 
2) that was derived for viscous oil reservoirs gathered in the TORIS database. This method tends to show high recovery factor 
for the reservoirs (H, J, L0 and N) with high permeability. Let as remember that absolute permeability in Ugandan oil fields is 
high (0.5-10 D) well test permeability very high (10-25 D), sometimes reaching 30D. Over all, based on calculation (Fig. 7) it 
can be inferred that equation (1) does not take in to account the high viscosity of the oil reservoirs and both equations (1) (2) do 
not expect very high permeability values reported in Ugandan oil fields deposited in fluvial sands. The alternative, the 
volumetric method for secondary recovery approximation, shows in the majority of cases that values of recovery factor are the 
most close to reservoir simulation. However, this method does not depend on fluid viscosity.  
Tertiary/Ultimate recovery factor was estimated based on advance screening methodology. Cluster analysis (Figure 
12&13) indicates that ultimate recovery factor in viscous oil reservoirs worldwide is consistent with a few exceptions. On 
average it varies between 30 and 40%. This enables ultimate recovery factor estimation in Ugandan oil fields. Reservoirs in 
Indonesia, Austria and Argentina achieved high recovery factor because of an active aquifer drive in the initial stage of 
exploitation. Additionally, Matzen oil field in Austria has applied several recovery mechanisms. On the other hand, the low 
recovery obtained in the Mannville oil field in Canada was the effect of low API gravity (14), thus indicating heavy oil/extra-
heavy oil field. Rules extracted with the aid of classification tree analysis from new database show that ultimate recovery factor 
mainly depends on viscosity, permeability, porosity and reservoir pressure (Fig. 14). This method reports recovery factor from 
15 to 40% for oil fields in Uganda.  
 
Summary and conclusions 
The oil fields in Uganda are generally characterised by high permeability, low initial reservoir pressure and moderate oil 
viscosity. These have a profound effect on recovery factor approximation. It was found in this study: 
 
1. The most reliable method to approximate recovery factors in Ugandan oil fields is the advanced screening method (Fig. 
12, 13&14). This uses the largest database that depends on the largest number of variables. 
2. The empirical equation derived by Guthrie and Greenberger (1955) as well as volumetric method show good results 
(Fig7).  
3. The empirical equation derived by Arps et al. (1967) calculates secondary recovery factor much higher than obtained 
from numerical simulations (Fig. 7), thus it should be considered carefully. 
4. This study concludes that the most suitable approach to approximate the  recovery factor in Ugandan oil fields should 
include the applications of several steps specified below: 
a. The use of extracted rules from classification tree analysis (CTA) to estimate ultimate recovery factor (Fig.14). 
b. The application of cluster analysis (CA) to approximate primary, secondary and tertiary recovery factors 
(Fig.12&13). 
c. Finally, the calculation of secondary recovery factor using volumetric method followed by Guthrie and Greenberger 
(1955) empirical equation (Fig. 7) and comparison obtained results with CTA and CA statistical methods. 
Recommendations for further study 
K –mean (centroid-based) clustering algorithm was used to cluster oil reservoirs that share similar rock and fluid 
properties. It is recommended to use distribution-based clustering and see how it influences the clustering process. The aim is 
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to obtain as much homogeneous clusters as possible, in terms of recovery factor. 
Calculation of recovery factor using volumetric method was performed assuming 100% sweep efficiency. Buckley–
Leverett analysis is recommended in further work to calculate recovery factor as a function of mobility ratio. 
Classification tree analysis and cluster analysis are also suitable for recovery mechanism fast screening (Figure 12&13). 
For this purpose a database would have to be modified in order to mainly report recovery mechanism in the first place. 
 
Nomenclature 
A Area of the reservoir, ft
2
 
Bob Oil formation volume factor at   , psi 
Boi Initial formation volume factor, rb/stb 
Cp Centipoises 
CSI Cyclic steam injection 
EOR Enhanced oil recovery 
GRV Gross rock volume 
h Reservoir thickness 
IOR Improved oil recovery 
IRIS International research institute of Stavanger 
k Permeability, mD 
MEOR Microbial enhanced oil recovery 
Ndp Oil in place at abandonment pressure 
Ni Initial oil in place 
Np Amount of oil produced 
Nwf Oil in place after water invasion 
N/G Net to gross ratio, fraction 
OIP Remaining oil in place after water invasion 
Pa Abandonment pressure, psi 
Pb Bubble point pressure 
 
Pi Average initial reservoir pressure, psi 
RF Recovery Factor  
SAGD Steam assisted gravity drainage 
STOIIP Stock tank oil initially in place, stb 
SWAG Simultaneous water altering gas 
Sor Residual oil saturation 
Swc Connate water saturation, fraction 
Sw Water saturation, fraction 
T Temperature, °F 
TVDLL True vertical depth lake level 
Vb Bulk volume 
WAG Water altering gas 
WT Well test 
  
Greek letters 
µo Viscosity of oil, cp 
µoi Viscosity of oil at   , cp 
µw Viscosity of water, cp 
Ф Porosity, % 
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Appendix A: Critical literature review 
 
MILESTONES 
Paper n  Year Title Autor(s) Contribution 
SPE 130257 2010 Classification of oil and 
gas reservoirs based on 
recovery factor: A data-
mining approach 
Sharma, A., Srinivasan, 
S. and Lake, L.W. 
2010 
This paper presents the approach on how to 
calculate the recovery factor in oil and gas 
reservoirs using data mining, empirical 
equations and likelihood functions.  
Petrophysics, 
vol. 50, No. 3 
(June 2009); 
page250-268 
2009 Improved electrofacies 
characterization and 
permeability predictions in 
sandstone reservoirs using 
a data mining and expert 
system approach 
Nashawi, I.S. and 
Malallah, A. 
This paper investigates possibilities of 
permeability prediction based on machine 
learning and data mining. It presents several 
steps that are used to find hidden pattern in 
large databases. Main modules include: 
principal component analysis, classification-
tree analysis and fuzzy-logic. 
SPE 78332 2002 Selection of EOR/IOR 
opportunities based no 
machine learning 
Alvarado, V., Ranson, 
A., Hernandez, K., 
Manrique, E., Matheus, 
J., Liscano, T. and 
Prosperi, N. 
This paper contributes in understanding of 
machine learning and data mining to 
recovery factor estimation. It identifies 
recovery mechanisms as a function of 
reservoir properties. 
SPE 130758 2010 Application of thermal 
recovery and waterflood to 
heavy oil and extra-heavy 
oil reservoirs: Analogue 
knowledge from more than 
120 clastic reservoirs 
Lu, X.G., Sun, S.Q. 
and Xu, J. 
First to correlate recovery factor as a 
function of reservoir and fluid parameters. 
Next to determine the most suitable 
enhanced oil recovery methods for viscous 
oil recovery. 
SPE 84590 2003 Controls on recovery 
factor in fractured 
reservoirs: Lessons learned 
from 100 fractured 
reservoirs 
Allan, J. and Sun, S.Q. 
 
Primary to understand reservoirs parameters 
influence recovery factor in fractured 
reservoirs and secondly the selecting criteria 
for enhanced oil recovery methods. 
 
SPE 108513 2007 Enhanced oil recovery 
potential of heavy oil 
fields in Africa 
 
Yee, H.V., Kechut, N.I. 
and Razk, W.N. 
This paper contributes to understanding of 
calculation of recovery factor as a function 
of enhanced oil recovery methods.  
National 
Petroleum 
Council 
(NPC) 
2007 Heavy oil, extra-heavy oil 
and bitumen 
Clark, B., Graves, 
W.G., Gurfinkel, M.E., 
Lopez-de-Cardenas, 
J.E., and Peats, A.W. 
This paper presents the methods available 
for heavy oil extraction. It also reports 
recovery factor obtained in heavy oil 
reservoir worldwide. Additionally it 
recommends most suitable technology to 
maximize recovery factor. 
Table A-1—Milestones in heavy oil reservoirs study  
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SPE 130257 (2010) 
 
Classification of oil and gas reservoirs based on recovery factor: a data-mining approach 
 
Authors: Sharma, A., Srinivasan, S. and Lake, L.W. 
 
Contribution to the studies of recovery factors in heavy oil reservoirs: 
This paper provides calculation of the recovery factor in oil and gas reservoirs using statistical methods, empirical 
equations and probability functions. Statistical approach described by the author is consistent with the aim of the 
study. 
 
Objective of the paper: 
To present analysis of recovery factor likelihood function. It investigates recovery factor as a function of several 
reservoirs parameters. 
 
Methodology used: 
This paper describes data mining approach to reveal patterns in large databases in order to calculate recovery factor. 
Methodology involves application of the following modules: 
 Pre-processing of database. 
 Multivariate liner regression. 
 Principal component analysis (PCA). 
 Cluster analysis (CA). 
 Calculation of likelihood of recovery factor. 
 Classification of recovery factor using naïve Bayesian classification. 
Conclusions reached: 
 Incompletes of the databases used in the studies affect final results. Pre-processing of datasets in 
necessarily. 
 Principal component analysis and cluster analysis help in finding hidden patterns in large databases. 
 Gas reservoirs are easier to analyse and give better predictions of recovery factor than oil reservoirs. 
Comments: 
 Methodology presented by the author has been partially applied in this study. 
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Petrophysics, vol. 50, No. 3 (June 2009); page 250-268. 
 
Improved electrofacies characterization and permeability predictions in sandstone reservoirs using a data mining 
and expert system approach 
 
Authors: Nashawi, I.S. and Malallah, A. 
 
Contribution to the studies of recovery factors in heavy oil reservoirs: 
This work investigates machine learning and data mining methods in order to analyze large databases.  
 
Objective of the paper: 
The main objective of this paper is to provide continuous vertical permeability profile based on wireline logs and 
compare it to scanty core samples obtained while well coring. Second aim of the work is electrofacies identification 
based on wireline logging. 
 
Methodology used: 
It investigates possibility of permeability prediction in uncored intervals of the wellbore. Methodology used 
comprises machine learning and data mining, which includes: 
 Data acquisition and processing. 
 Electorfacies identification. 
 Principal component analysis (PCA). 
 Cluster analysis (CA). 
 Classification-tree analysis (CTA). 
 Fuzzy-logic model. 
Conclusions reached: 
Data mining: cluster analysis, classification-tree analysis and fuzzy logic can be sucesfuly applied in permeability 
prediction in uncored formations. 
 Model-based clustering is a powerful tool to distinguish different types of electorfacies based on well-log 
responses that represents lithofacies within the logged intervals. 
 Classification-tree analysis if an effective tool to identify the rules on which each well-log response of the 
blind-test well is assigned. 
 Fuzzy-logic model compared that predicted permeability within uncored intervals, correlates with these 
uncored. 
Comments: 
Permeability obtained from data mining approach should be cross-examined with well-logs responses. 
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SPE 130257 (2002) 
 
Selection of EOR/IOR opportunities based on machine learning 
 
Authors: Alvarado, V., Ranson, A., Hernandez, K., Manrique, E., Matheus, J., Liscano, T. and Prosperi, N. 
 
Contribution to the studies of recovery factors in heavy oil reservoirs: Understanding of machine learning and data 
mining. 
 
Objective of the paper: 
The main objective of this paper is to identity suitable enhanced/improved oil recovery methods depending on the 
stage of production.  
 
Methodology used: 
Authors of the publication investigate possibility of machine learning and data mining for quick screening of 
EOR/IOR methods. Recovery methods are described as a function of main reservoirs parameters. Following 
modules are applied: 
 Database collation and quality control to generate knowledge map. 
 Cluster algorithms applied to the projections. 
 Defining rules for automatic extraction. 
Conclusions reached: 
 Space reduction is a method that successfully enables variability of the entire dataset reduction. 
 Generated maps enable to establish rules on which recovery mechanisms are selected. 
 Detailed analyses are possible after further refining of the initial database. 
 Broader rules and conclusions can be drowned after database is enlarged. 
Comments:  
This method does not approximate recovery factor but recovery mechanism. 
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SPE 130257 (2010) 
 
Application of thermal recovery and waterflood to heavy oil and extra-heavy oil reservoirs: Analogue knowledge 
from more than 120 clastic reservoirs 
 
Authors: Lu, X.G., Sun, S.Q. and Xu, J. 
 
Contribution to the studies of recovery factors in heavy oil reservoirs: 
1) Recovery factor correlation as a function of reservoir and fluid parameters. 2) Recovery factor predictions based 
on analogue study. 3)Waterflooding and thermal recovery methods applied to viscous oil reservoirs based on 
reservoirs and fluid properties. 
 
Objective of the paper: 
1)To obtain recovery factor trends and correlations as a function of fluid and reservoir parameters for more than 
120 reservoirs.2)To evaluate recovery factor estimation and uncertainties in the process of exploration of heavy oil 
reservoirs. 
 
Methodology used: 
Statistical analyses (based on field analogous) are used to comparing and contrasting information about the clastic 
reservoirs worldwide.  
 
Conclusions reached: 
 Only good quality reservoirs (high porosity, high permeability, high net pay thickness) can be good 
candidates for thermal recovery methods. 
 Most important parameter that measures thermal recovery effectiveness is incremental recovery. 
 Mainly applied as thermal recovery are: cyclic steam injection, SAGD, and steam flood. 
Comments: 
Well spacing is a key parameter to be distinguished while considering water flooding and thermal recovery. 
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SPE 130257 (2003) 
 
Controls on recovery factor in fractured reservoirs: Lessons learned from 100 fractured reservoirs 
 
Authors: Allan, J. and Sun, S.Q. 
 
Contribution to the studies of recovery factors in heavy oil reservoirs: 
Primary to understand reservoirs parameters influence recovery factor in fractured reservoirs and secondly the 
selecting criteria for enhanced oil recovery methods. 
 
Objective of the paper: 
To distinguish the difference in recovery factor between different types of reservoirs mainly that depends on variety 
of reservoirs characterisation. 
 
Methodology used: 
 Fractured reservoirs divided in to four groups depending on porosity, permeability variation. 
 Statistical approach to establish the difference between conventional and fracture reservoirs.  
Conclusions reached: 
 Reservoirs with low matrix porosity and low permeability are more dependent on the nature of fracture 
network. 
 Recovery factor in those reservoirs is very sensitive to aquifer drive. 
 They can be easily damaged by excessive production rate. 
 When properly managed some achieve good recovery factor without the need of EOR programs 
Comments: 
Ultimate recovery factor achieved in fractured reservoir is usually lower than for conventional reservoirs.  
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SPE 130257 (2007) 
 
Enhanced oil recovery potential of heavy oil fields in Africa 
 
Authors: Yee, H.V., Kechut, N.I. and Razk, W.N. 
 
Contribution to the studies of recovery factors in heavy oil reservoirs: 
This paper contributes to understanding of technically and economically most suitable enhanced oil recovery 
method for heavy oil fields in Africa. 
 
Objective of the paper: 
 To investigate whether thermal enhanced oil recovery processes are more efficient than a waterflooding. 
 To identity suitable EOR process for the study. 
 Estimate ultimate recovery factor. 
 Perform economical analysis on steam flooding and in-situ combustion. 
Methodology used: 
 Statistical approach on the basis of several heavy oil fields worldwide has been applied to identify most 
economical EOR method. 
 Findings are applied to African heavy oil reservoirs under appraisal stage. 
Conclusions reached: 
 Steam flooding and in-situ combustion have higher recovery factor (49%) than waterflooding (21%) 
 There is a lower cost of applying steam flooding due to wide available technology. 
 The in-situ combustion is more expensive due to complicity and safety reasons.  
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SPE 130257 (2008) 
 
Increasing oil recovery form heavy oil waterfloods 
 
Authors: Brice, B.W. and Renouf, G. 
 
Contribution to the studies of recovery factors in heavy oil reservoirs: 
The recovery factor approximation in heavy oil reservoir exploited by water injection. 
 
Objective of the paper: 
 To estimate ultimate recovery factor as a function of well injection pattern for conventional/heavy oil 
reservoirs. 
Methodology used: 
 Experiments of many injection patterns while waterflooding was used. 
 The average permeability and viscosity from reservoirs world wide was used to correlate recovery factor. 
Conclusions reached: 
 Injection strategy and pre-waterflood production have crucial influence on ultimate recovery. 
 Early field life water injection for light oil reservoirs increase ultimate recovery factor. 
 Limiting water production and balancing water injection increase ultimate recovery factor. 
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Appendix B: Entire database for recovery factor calculation 
 
Area Oil field 
 
GRV 
 
(*106 
bbl) 
 
STOIIP 
 
(*106 
bbl) 
 
OIP 
 
(*106 
bbl) 
 
Ф 
 
% 
 
k 
 
(D) 
 
k 
WT 
(D) 
 
Depth 
 
(mTVD
LL) 
 
API 
 
(°) 
 
µo 
 
(cp) 
 
µw 
 
(cp) 
 
T 
 
(°C) 
 
Pi 
 
(psi) 
 
Pa 
 
(psi) 
 
Sor 
 
(%) 
 
Boi 
 
(rb/ 
stb) 
 
Scw 
 
(%) 
 
h 
 
(ft) 
Recovery Factor (%) 
R A G&G V 
Alpha 
A 18524.1 1471 1164.4 0.33 2.2 6-10 440 22 54 0.6 50 665 665 20 1.05 20 190 23 0.50 0.18 0.21 
H30 2773.9 193 150.4 0.29 1 N/A 363 22 38 0.6 48 580 580 20 1.07 20 16 N/A 0.51 0.32 0.22 
H27 6667.4 573 440.3 0.35 1 N/A 397 22 52 0.6 48 640 640 20 1.06 20 65 23 0.50 0.19 0.23 
H25 4352.7 351 279.2 0.34 1 N/A 430 22 58 0.6 50 680 680 20 1.06 20 45 24 0.50 0.20 0.20 
H17 1195.1 91 80.4 0.35 1 N/A 450 22 62 0.6 53 710 710 20 1.04 20 9.8 N/A 0.49 0.20 0.12 
H15 3535.0 263 203.9 0.30 1 N/A 465 22 62 0.6 53 710 710 20 1.04 20 44 20 0.49 0.26 0.22 
B 8617.3 505 394.0 0.25 0.5 7-10 656.5 30.6 5.8 0.6 60 1000 1000 20 1.11 20 231 35 0.55 0.34 0.22 
H30 2604.1 132 108.9 0.23 0.1 N/A 588 30.3 7 0.6 60 900 900 20 1.1 20 29 N/A 0.48 0.23 0.18 
H27 3207.9 177 147.6 0.25 0.4 N/A 638 30.6 6 0.6 60 970 970 20 1.1 20 41 N/A 0.54 0.37 0.17 
H25 3270.8 179 151.9 0.26 0.8 N/A 671 30.6 5.1 0.6 60 1010 1010 20 1.12 20 75 N/A 0.58 0.44 0.15 
H15 220.2 12 10.7 0.27 0.8 N/A 729 30.9 5.1 0.6 60 1100 1100 20 1.12 20 86 N/A 0.58 0.41 0.11 
C 9686.6 670 530.0 0.29 1 13-23 400 18.5 224 0.6 47.6 486 486 20 1.06 27 61 16-25 0.42 0.22 0.21 
H30 1132.2 80 62.0 0.29 1 N/A 400 18.5 224 0.6 47.6 486 486 20 1.06 27 24 N/A 0.42 0.23 0.23 
H27 3585.3 270 196.2 0.29 1 N/A 400 18.5 224 0.6 47.6 486 486 20 1.06 27 2 N/A 0.42 0.23 0.27 
H25 3082.1 213 168.6 0.29 1 N/A 400 18.5 224 0.6 47.6 486 486 20 1.06 27 35 N/A 0.42 0.22 0.21 
D 3717.4 292 216.5 0.30 1 N/A 400 20 90 0.6 48 520 520 20 1.03 20 64 16 0.48 0.23 0.26 
H30 1006.4 80 64.5 0.33 1 N/A 400 20 90 0.6 48 520 520 20 1.03 20 24 N/A 0.48 0.20 0.19 
H27 2201.5 170 141.1 0.33 1 N/A 400 20 90 0.6 48 520 520 20 1.03 20 16 N/A 0.48 0.20 0.17 
H25 547.2 40 35.1 0.33 1 N/A 400 20 90 0.6 48 520 520 20 1.03 20 24 N/A 0.48 0.20 0.12 
E 2239.2 170 138.1 0.33 1 N/A 500 25 17 0.6 54 717 717 20 1.07 20 56 16 0.54 0.29 0.19 
H30 207.6 12.6 12.5 0.33 1 N/A 500 25 16 0.6 54 673 673 20 1.1 20 19 N/A 0.55 0.30 0.01 
H27 1559.9 125 96.2 0.33 1 N/A 500 25 16 0.6 54 720 720 20 1.07 20 27 N/A 0.55 0.30 0.23 
H25 435.9 33 27.4 0.33 1 N/A 500 25 26 0.6 54 760 760 20 1.05 20 10 N/A 0.53 0.28 0.17 
 
Beta 
 
 
 
F 2289.6 142 105.6 0.34 1 9-20 750 30 4 0.6 67.5 1150 1150 16 1.18 18 170 26 0.62 0.32 0.26 
H30&H27U 1402.7 84 60.9 0.32 2 N/A 750 30 4 0.6 67.5 1150 1150 16 1.18 18 46 20 0.65 0.47 0.28 
H27L - H15 924.6 58 40.0 0.32 7 N/A 750 30 4 0.6 67.5 1150 1150 16 1.18 18 30 34 0.72 0.62 0.31 
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Beta 
G 842.9 60 38.9 0.34 1 9-20 850 30 4 0.6 78 1300 1300 16 1.18 18 148 15-35 0.62 0.36 0.35 
H30 346.0 18 15.9 0.34 2 N/A 850 30 4 0.6 78 1300 1300 16 1.18 18 33 N/A 0.65 0.45 0.11 
H27U-H15 446.6 41 20.6 0.34 5 N/A 850 30 4 0.6 78 1300 1300 16 1.18 18 18 N/A 0.70 0.56 0.50 
Gamma 
H 3849.5 279 225.3 0.32 2 6 520 25 14 0.6 60 690 690 20 1.08 18 38 25-27 0.59 0.40 0.19 
H30 2472.0 184.1 145.1 0.32 2 N/A 520 25 14 0.6 60 690 690 20 1.08 18 14 N/A 0.59 0.41 0.21 
H27 540.9 39.6 31.9 0.32 2 N/A 520 25 14 0.6 60 712 712 20 1.08 18 12 N/A 0.59 0.41 0.20 
H25 761.1 54.8 44.5 0.32 2 N/A 520 25 14 0.6 60 740 740 20 1.08 18 11 N/A 0.59 0.41 0.19 
I 7565.0 586.4 434.6 0.32 2 6 534 27.5 12 0.6 60 790 790 20 1.1 18 134 25-27 0.60 0.38 0.26 
H30 3755.1 272 215.7 0.32 2 N/A 500 27.5 7 0.6 60 860 860 20 1.1 18 26 N/A 0.62 0.45 0.21 
H27 620.8 59.3 35.7 0.32 2 N/A 520 27.5 12 0.6 60 890 890 20 1.1 18 9.8 N/A 0.60 0.42 0.40 
H25 2377.6 197.3 137.5 0.32 2 N/A 540 27.5 10 0.6 60 720 720 20 1.1 18 33 N/A 0.61 0.42 0.30 
H15 811.4 56.9 46.2 0.31 2 N/A 577 27.5 10 0.6 60 800 800 20 1.1 18 65 N/A 0.61 0.42 0.19 
J 2874.5 202 162.2 0.32 2 1 580 30 6.4 0.6 62 700 700 20 1.12 18 85 25-27 0.63 0.44 0.20 
H30 1654.3 125.3 93.1 0.32 2 N/A 580 30 6.4 0.6 62 580 580 20 1.12 18 32 N/A 0.63 0.45 0.26 
H27 327.1 21.3 18.3 0.31 2 N/A 580 30 6.4 0.6 62 650 650 20 1.12 18 6.5 N/A 0.63 0.46 0.14 
H25 650.4 43.1 36.7 0.32 2 N/A 580 30 6.4 0.6 62 700 700 20 1.12 18 32 N/A 0.63 0.45 0.15 
H15 179.3 12.3 10.1 0.32 2 N/A 580 30 6.4 0.6 62 700 700 20 1.12 18 13 N/A 0.63 0.46 0.18 
K 186.2 12.3 9.6 0.29 0.5 1 590 32.5 6 0.6 63.2 900 900 20 1.12 2 31 10-18 0.55 0.34 0.22 
H15 186.2 12.3 9.6 0.29 0.5 N/A 590 32.5 6 0.6 63.2 900 900 20 1.12 2 31 N/A 0.55 0.34 0.22 
Delta 
L0 440.3 26 19.8 0.27 3 N/A 2000 28 2 0.6 132 4400 4400 20 1.2   25 87 N/A 0.60 0.51 0.24 
L 440.3 23.9 18.1 0.27 2 0.8-1 800 23.8 40 0.6 55 1120 1120 20 1.08 25 49 16-20 0.46 0.26 0.24 
M 2390.2 120 95.3 0.27 1 3.5-4 900 24 20 0.6 60 1270 1270 20 1.11 20 39 20-25 0.53 0.38 0.21 
N 679.3 38 27.5 0.29 1 N/A 1600 31.3 4 0.6 83 2300 2300 20 1.17 20 39 N/A 0.60 0.44 0.28 
Epsilon O 10001 643 462.6 0.33 2 2-3 2370 31 6 1.3 86 3300 3300 20 1.17 20 65 34 0.62 0.35 0.28 
Table B-1—Entire database for secondary recovery factor calculation. 
 A–Arps method, G&G-Gutherie and Grinberger method, V-Volumetric method, R–Recovery factor presented by company’s reports based on numerical simulations for waterflooding. Red stands for 
optimistic results, green stands for good approximation, black stands for fair results. Recovery factor obtained from numerical simulations (R) used as guidance. OIP – Oil in place after water invasion. 
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Oil field 
 
Ф 
 
% 
 
k 
 
(D) 
 
µo 
 
(cp) 
 
µw 
 
(cp) 
 
Pi 
 
(psi) 
 
Pa 
 
(psi) 
 
Sor 
 
(%) 
 
Boi 
(rb/ 
stb) 
 
Scw 
 
(%) 
 
h 
 
(ft) 
Recovery Factor (%) 
R A G&G 
A 33 2.2 54 0.6 665 665 20 1.05 20 190 23 50 18 
B 25 0.5 5.8 0.6 1000 1000 20 1.11 20 231 35 55 34 
C 29 1 224 0.6 486 486 20 1.06 27 61 16-25 42 22 
D 30 1 90 0.6 520 520 20 1.03 20 64 16 48 23 
E 33 1 17 0.6 717 717 20 1.07 20 56 16 54 29 
F 34 1 4 0.6 1150 1150 16 1.18 18 170 26 62 32 
G 34 1 4 0.6 1300 1300 16 1.18 18 148 15-35 62 36 
H 31 2 14 0.6 690 690 20 1.08 18 38 25-27 59 40 
I 31 2 12 0.6 790 790 20 1.1 18 134 25-27 60 38 
J 31 2 6.4 0.6 700 700 20 1.12 18 85 25-27 63 44 
K 29 0.5 6 0.6 900 900 20 1.12 20 31 10-18 55 34 
L0 27 3 2 0.6 4400 4400 20 1.2 25 87 N/A 60 51 
L 27 2 40 0.6 1120 1120 20 1.08 25 49 16-20 46 26 
M 27 1 20 0.6 1270 1270 20 1.11 20 39 20-25 53 38 
N 29 1 4 0.6 2300 2300 20 1.17 20 39 N/A 60 44 
O 33 2 6 1.3 3300 3300 20 1.17 20 65 34 62 35 
Table B-2—Selected input parameters and results obtained from empirical methods. 
A–Arps method, G&G–Guthrie and Greenberger method, R–Recovery factor presented by the Company’s reports based on numerical 
simulations for waterflooding. Red stands for optimistic results, green stands for good approximation, black stands for fair results. 
Recovery factor obtained from numerical simulations (R) is used as guidance. Different colours of the oil field symbolised different 
exploration areas. (See Appendix B for recovery factor reservoir calculation layer-by-layer basis. 
 
Oil field 
 
GRV 
 
(*106 
bbl) 
 
STOIIP 
 
(*106 
bbl) 
 
OIP 
 
(*106 
bbl) 
 
Ф 
 
(%) 
 
Sor 
 
(%) 
 
Boi 
 
(rb/ 
stb) 
 
Scw 
 
(%) 
 
h 
 
(ft) 
Recovery Factor (%) 
Numerical 
Simulation 
Volumetric 
method 
A 18524 1471 1164 33 20 1.05 20 190 23 21 
B 8617 505 394 25 20 1.11 20 231 35 22 
C 9687 670 530 29 20 1.06 27 61 16-25 21 
D 3717.3 292 216.5 30 20 1.03 20 64 16 26 
E 2239.2 170 138.1 33 20 1.07 20 56 16 19 
F 2289.5 142 105.5 34 16 1.18 18 170 26 26 
G 842.86 60 38.8 34 16 1.18 18 148 15-35 35 
H 3849.4 279 225.3 31 20 1.08 18 38 25-27 19 
I 75645 586.4 434.6 31 20 1.1 18 134 25-27 26 
J 2874.5 202 162.2 31 20 1.12 18 85 25-27 20 
K 186.2 12.3 9.6 29 20 1.12 20 31 10-18 22 
L0 440.3 26 19.8 27 20 1.2 25 87 N/A 24 
L 440.3 23.9 18 27 20 1.08 25 49 16-20 24 
M 2390.2 120 95 27 20 1.11 20 39 20-25 21 
N 679.3 38 27.5 29 20 1.17 20 39 N/A 28 
O 10001 643 462.6 33 20 1.17 20 65 34 28 
Table B-3—Selected input parameters and results obtained from volumetric calculations  
Numerical simulations were performed assuming water injection. Red stands for optimistic results, green stands for good 
approximation, black stands for fair results. Recovery factor obtained from numerical simulations are used as guidance. 
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Appendix C: Heavy oil reserves worldwide and methods available in oil industry to estimate recovery factor 
 
The biggest heavy oil producers in the world are Mexico, Venezuela and Canada (Fig. C-1). These countries also have the 
largest reserves of heavy oil. Figure C-1 also shows heavy oil distribution as a function of API gravity. It usually varies from 7 
to 21 °API.   
 
 
 
Fig. C-1—World heavy oil production by country. 
 
Primary recovery factor  
Natural gravitational drainage of the reservoirs without any external pressure support is called primary recovery. In this stage 
natural reservoir energy e.g. gravity drainage, solution gas drive or natural water influx provides sufficient energy to lift 
hydrocarbons from the reservoirs to the surface (Schlumberger glossary). 
Secondary recovery factor  
The stage of the production when external energy is applied to maintain reservoir pressure is considered as secondary 
production. In this stage secondary recovery factor is enhanced usually by water injection into the aquifer or gas in to the gas 
cap (Schlumberger glossary). 
Tertiary recovery factor  
When conventional methods are not efficient for hydrocarbon recovery, there is a need to use more complex and advanced 
technology to mobilize residual oil or gas within the reservoirs. Tertiary recovery is mainly based on thermal and chemical 
methods. (Schlumberger glossary). 
Incremental recovery factor  
Incremental recovery factor is very important parameter in oil and gas industry as it directly measure efficiency or the method 
applied for hydrocarbon recovery. 
 
Volumetric method for recovery factor estimation (no production data) 
Volumetric, early stage, estimate is used to assess the amount of hydrocarbon in place. It is a static method and its main 
drawback is that it does not depend on time and viscosity. To calculate volume to hydrocarbons initially in place many 
different pieces of information need to be gathered from different fields of reservoir engineering. To describe quality and 
quantity of rock properties usually seismic measurements along with well logs and core data are essential. Additionally we 
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need information about fluid properties which are obtained from PVT analysis. Using equation (C-1) stock tank oil initially in 
place (STOIIP) is calculated by: 
            
 
 
           
 
   
                              .……... (C- 1) 
Gross rock volume is calculated by below given equation: 
 
                                        ……… (C- 2) 
 
Top of the reservoir is picked from seismic interpretation while the bottom of the reservoir is typically oil-water contact 
(OWC). Subsequently GRV needs to be multiplied by N/G ratio to distinguish between reservoirs and non reservoirs rocks. 
High values of porosity and permeability make good reservoirs properties. Figure C-2 explains the difference between gross 
rock volume and net pay thickness (© Petrobjects) 
 
Fig. C-2— Parameters (net sand, net oil sad) used for volumetric estimates. 
 
Application of Volumetric method provides an estimation of STOIIP. Recovery factor can be calculated assuming that there is 
available data from core measurements. Two cases are considered: calculation of recovery factor assuming natural pressure 
depletion and calculation of recovery factor after water invasion. The following procedure is applied. First initial oil in place at 
reservoirs pressure needs to be calculated. The initial oil in place is then given by the equation: 
 
   
           
   
                                 ……… (C- 3) 
 
The next step is to calculated volumetric depletion at abandonment pressure. Abandonment pressure is assumed a pressure at 
which wells do not flow in the case of natural depletion. Assuming waterflooding abandonment pressure is equal to initial 
reservoir pressure as pressure is supported by water injection. 
 
    
              
   
                  ……… (C- 4) 
 
Considering the second case, amount of oil in place after water flooding is given by: 
 
    
          
   
                   ……… (C- 5) 
 
To calculate the amount of oil produced using natural depletion mechanism: 
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Ni-Ndp=Np                    ……... (C- 6) 
 
To calculate the amount of oil produced using water drive mechanism: 
 
Ni-Nwd=Np                   ……… (C- 7) 
 
Finally recovery factor is given by: 
 
   
  
  
                    ……… (C- 8) 
 
Multiple Correlation Analysis (Gutherie and Greenberger 1955) 
Gutherie and Greenberger estimated the recovery factor in heavy oil, water driven sandstone reservoirs by correlating it with 
the five most important parameters that have the largest influence on it. To estimate recovery factor the TORIS data base was 
used. Recovery factor is given by the equation: 
 
                                                                       ……… (C-9) 
 
Recovery factor correlation by Arps et al. 1967 
Arps et all. (1967) tested around 80 reservoirs, different to the TORIS data base, to empirically correlate recovery factor as a 
function of main rock and fluid properties and derived two equations: 
1. Recovery factor in gas-driven reservoirs: 
 
           
        
   
 
      
 
 
   
 
      
   
       
  
  
 
      
             ……… (C-10) 
 
2. And recovery factor in water-driven reservoirs: 
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API Bulletin D14: A Statistical Study of Recovery Efficiency 
Reservoirs exploited by solution gas drive: 
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Reservoirs exploited by water drive: 
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